INTRODUCTION
Newly synthesized proteins entering the secretory pathway are carefully monitored by the ER quality control machinery to ensure that only correctly folded molecules exit and continue their journey to the cell surface. Misfolded membrane and secretory proteins are promptly recognized as such and degraded by the ER-associated degradation pathway (ERAD; reviewed in (1, 2) . Understanding this process is critical, since a number of diseases, including cystic fibrosis, congenital hypothyrosis and familial hypercholesterolemia, are caused by protein folding defects that often arise from missense or deletion mutations (3, 4) . In spite of the fact that many of these mutations result in the production of proteins that retain some biological activity, they are rapidly degraded by ERAD, preventing proper targeting of the proteins to their biologically relevant destinations (reviewed in (5)).
Interestingly, inefficient protein biogenesis appears to occur even for "wild type" proteins, with a number of examples that include the epithelial sodium channels (6), Shaker-type potassium channels (7), major histocompatibility complex class II molecules (8) , the δ opioid receptor (9, 10) , the erythropoietin receptor (11) , the erythrocyte anion exchanger (AE)1 (Band 3) (12) , and CFTR (13) . Many of these proteins, including CFTR, are assembled in the cell membrane as part of a multiprotein complex (14, 15) , suggesting that the molecular rationing of the components in these complexes might be regulated during biogenesis.
CFTR is a large transmembrane glycoprotein consisting of two homologous halves, each containing six transmembrane segments (TMD1 and TMD2) and a nucleotide-binding domain
MATERIALS AND METHODS

Cell lines and culture conditions
Cos-7, Calu-3, and T84 cells were obtained from the ATCC (www.atcc.org) and maintained in the Cystic Fibrosis Research Center at University of Alabama at Birmingham. HeLa cells overexpressing wild type CFTR were transduced and selected as previously described (36, 37) , cultured in DMEM (Life Technologies, Inc.) with 10% FBS at 37°C in a humidified incubator in 5% CO 2 . For cell monolayers, Calu-3 cells were seeded on 6.5 or 12 mm diameter Transwell filters (Corning-Costar; Corning, NY). After two to three days, the media containing 10% FBS was exchanged to 2% FBS containing media, and cells were cultured for an additional 7-9 days with liquid both at the apical and the basolateral compartments. Under these conditions, the cells formed monolayers with trans-epithelial resistances of > 800 Ω.cm 2 .
Transient Transfection of COS-7 Cells
COS-7 cells were transiently transfected using LipofectAMINE PLUS reagent (Life Technologies) according to the manufacturer's protocol. Transfected cells were cultured for 24
to 48 hours before analysis as described previously (38) .
Metabolic pulse-chase
One hour before addition of radiolabeled amino acids, the tissue culture media was replaced with methionine/cysteine-free MEM. After one hour of methionine starvation at 37°C, 300 µCi/ml
EasyTag Protein Labeling Mixture ([ 35 S]methionine/cysteine, NEN) was added and cells were pulse labeled for 30 min (for the maturation studies) or 60 min (for protein half-life analysis).
The radioactive medium was then exchanged with cold, complete media and cultured for various chase periods. Cells were lysed at the time points indicated and CFTR was immunoprecipitated using the 24-1 monoclonal antibody and Protein A+G Agarose (Roche). Immunoprecipitated samples were analyzed by SDS-PAGE (6% gels) and detected using autoradiography (PhosphorImager, Molecular Dynamics). Calculation of protein half-lives was performed as described by Straley et al. (1998) (40) . Maturation efficiency was measured by comparing the density of the labeled band B to the density of the fully glycosylated band C using IPLab software (Scanalytics, Inc) as described previously (41) .
Cell surface biotinylation
Cell surface glycoproteins were biotinylated as described previously (38) . Total CFTR and biotinylated CFTR was immunoprecipitated and in vitro phosphorylated using γ 32 P ATP (NEN) and PKA catalytic subunit (Promega), separated by SDS-PAGE, and detected using autoradiography and PhorphorImager analysis as described previously (38) . 
Semi-quantitative RT-PCR
Total RNA was isolated from each filter using RNeasy mini kit (Qiagen). RNA concentration was calculated based on the absorbance of samples at 260 nm. One tube from the RT-PCR kit (Qiagen) was used to amplify the CFTR mRNA using 1 ng of total RNA as templates. The primers were designed to anneal to two different exons (exon 10 and exon 11) to prevent possible amplification from genomic DNA and pre-mRNA. The sequences of the primers were 5' ACTTCACTTCTAATGATGAT 3' (exon-10F1) and 5' AAAACATCTAGGTATCCAA 3'
(exon-11R). Two primers specific for GAPDH were used as controls for each sample (42) . RT-PCR protocol was performed as instructed by manufacturer. The number of PCR cycles for this experiment was experimentally determined (28 cycles) to allow semi quantification of PCR products during the log-linear phase of amplification. RNA samples isolated from CFTR negative HeLa cells were used as control to assure the specificity of the PCR product. The specificity of the GAPDH primers were previously tested (42) . Controls with no template or reverse transcriptase were also included. Experiments were repeated two times.
Fluorescence based kinetic real-time PCR
Isolated RNA samples were also analyzed by fluorescence-based kinetic real-time PCR using the ABI PRISM 7900 Sequence Detection System as described previously for other genes (43) . 
Microscopy
Indirect immunofluorescence was performed as described previously (41) .
Statistical Analysis
Results were expressed as means ± standard deviations (SD). Statistical significance among means was determined using the Student's t-test (two samples). To compare CFTR expression levels in the model cell lines, CFTR was immunoprecipitated from 250 µg of total cellular protein under standardized conditions.
RESULTS
Calu-3 cells express high levels of CFTR compared to heterologous expression systems
Relative amounts of CFTR expressed in each cell type were calculated based on densitometry and are shown in Figure 1A . In Cos-7 cells, CFTR expression levels are dependent upon transfection efficiency, while in HeLa and Calu-3 cells, the expression levels were consistently high. Since the relative expression level in Calu-3 cells was similar to HeLa cells stably expressing wild type CFTR, we selected Calu-3 cells for the initial analysis.
The simplest explanation for high CFTR levels both in HeLa and Calu-3 cells is that they have similar CFTR mRNA levels, protein synthetic rates and stability. To compare CFTR mRNA levels in HeLa and Calu-3 cells, we developed a semi-quantitative RT-PCR using GAPDH as an internal control. As shown in figure 1B, while GAPDH message levels are similar, CFTR message levels are significantly higher in HeLa cells than in Calu-3 (in contrast to rather similar protein levels ( Figure 1A) ). To further assess these differences, we also performed TaqMan Quantitative PCR ( Figure 1C ). The results of the real time experiments establish that CFTR message levels in HeLa cells are 3.5 fold higher than in Calu-3 cells. These findings imply that the high steady-state levels of CFTR in Calu-3 cells must be due to increased translational rate, increased maturation efficiency, extended protein half-life or some combination of these effects.
CFTR maturation and protein stability are enhanced in Calu-3 cells
In order to monitor CFTR maturation efficiency and protein half-life in Calu-3 cells and compare these values to previously reported results, we performed metabolic pulse chase experiments and followed CFTR maturation in Cos-7, HeLa and Calu-3 cells. In these experiments, we compared the amount of the newly synthesized Band B CFTR and its conversion to the fully glycosylated Band C CFTR in each cell type. The results indicate that significantly more CFTR was synthesized in COS-7 and HeLa cells than in Calu-3 cells, as was first described by Cheng et al. (13) . The conversion of the immaturely glycosylated CFTR to the maturely glycosylated form was extremely inefficient, with 27 ± 7.1% (mean ± SD; n = 7) maturation efficiency in COS-7 cells and 39 ± 5.1% (n = 11) in HeLa ( Figure 2A ). In contrast, while the amount of the newly synthesized Band B form of CFTR was the lowest in Calu-3 cells, the maturation efficiency was 92.4 ± 8% (n = 11) after four hours ( Figure 2B ). These results indicate that although less CFTR was being produced in Calu-3 cells, the protein was processed much more efficiently to the mature form. Furthermore, comparing the total densities of Band B and Band C CFTR over the four hour chase indicated that the total densities remain constant.
This suggests that there is no early degradation and all newly synthesized Band B is converted into Band C, and that the maturation only reaches maximum after four hours of the pulse.
To test whether increased CFTR maturation efficiency alone is responsible for high CFTR levels in Calu-3 cells, we determined the half-life of the fully glycosylated CFTR in each cell line. Using a more extended chase period in the metabolic labeling experiments, we found that CFTR half-lives were 10.8 ± 2.5 h (mean ± S.D.) in COS-7 cells, 12.3 ± 1.7 h in HeLa cells, and 22.0 ± 4.2 h in Calu-3 cells (Figure 3 ). The results indicate that CFTR is more stable in Calu-3 cells compared to heterologous cells. Therefore, more efficient CFTR maturation and elongated protein half-lives contribute to the high steady state CFTR levels in these cells.
ERAD of CFTR is insignificant in Calu-3 cells
Early degradation of wild type CFTR by the proteasome has been described as a common feature of CFTR biogenesis (23, 25, 48) . Because CFTR maturation approaches 100% efficiency were seen when the proteasome was blocked using 10 µM clasto-Lactacystin-β-lactone (data not shown). These results support our hypothesis that in Calu-3 cells all newly synthesized, core glycosylated CFTR is processed to the fully glycosylated form and, therefore, there is no role for the proteasome in the early events of CFTR processing in Calu-3 cells.
Cell surface CFTR expression is elevated in Calu-3 cells
To test whether increased CFTR stability translates to a higher percentage of CFTR at the cell surface, we performed quantitative cell surface biotinylation experiments and compared the biotinylated and total pools of CFTR in each of the cell lines. The results shown in Figure 5A indicate that the biotinylated CFTR pool in COS-7 cells was 11 ± 2.2% (mean ± S.D.), in HeLa was 9.7 ± 1.5%, and in Calu-3 was 20 ± 4.0%. Since Calu-3 cells were grown on plastic dishes under standard tissue culture conditions, we tested whether growing the cells on semi-permeable supports as polarized monolayers affects CFTR surface expression. After growing the cells for 9-12 days on 12 mm filters, the cells formed tight monolayers as monitored by measuring transepithelial resistance (> 800 Ω.cm 2 ). Under these conditions, the biotinylated CFTR fraction was 17± 5%, similar to non-polarized cells. These results demonstrate that the surface CFTR pool in Calu-3 cells is higher, but cell polarity does not affect the relative surface pool.
The fact that CFTR surface expression is not elevated in polarized cells was somewhat surprising, given that in HT29 cells, a colonic epithelial cell line, CFTR surface expression requires polarization of the colonocytes (50) . To confirm that Calu-3 cells had formed polarized monolayers, we monitored the expression a ZO-1, a marker for tight junctions (red) (51), and CFTR (green) localization in the Calu-3 cells using immunocytochemistry ( Figure 5B ). The results shown in Figure 5B indicate that the Calu-3 cells have formed tight monolayers as evidenced by ZO-1 staining (red) close to the apical surface and that CFTR (green) is found both at the cell surface and in intracellular sites. Next, we tested whether the rate and efficiency of CFTR maturation was affected by cell polarity. The results shown in Figure 5C confirm that similar to conventional tissue culture conditions (Figure 2A and B), CFTR maturation is also efficient under polarizing conditions (>90%). Interestingly, these experiments in Calu-3 monolayers suggested that the amount of radiolabeled CFTR dramatically decreased compared to non-polarized conditions, and that rates of conversion of newly synthesized (Band B) CFTR to fully glycosylated, (Band C) CFTR was slower than under standard conditions. Only ~30% of the newly synthesized (Band B) CFTR was converted into fully glycosylated (Band C) at 2 hours and maturation was completed only after six hours of chase.
CFTR maturation is efficient in T84 cells grown under standard tissue culture conditions
In order to determine whether efficient CFTR maturation is a special feature of Calu-3 cells or present in other endogenous CFTR expressing cell lines, we also tested T84 and HT29 colonic epithelial cell lines endogenously expressing wild type CFTR. Initial studies of CFTR biogenesis described complete and early degradation of the ∆F508 CFTR and inefficient maturation of the wild type protein (13, 24, 52) . Most of these studies employed heterologous over-expression systems, with one exception (24) . Kopito and colleagues compared wild type CFTR maturation efficiency in stable HEK cells to HT29 and T84 cells endogenously expressing wild type CFTR (24) . In these cells, CFTR expression levels were 10-50-fold lower than in HEK, but the maturation efficiency of CFTR was only ~25% after two hours of chase. In our studies, CFTR maturation in Calu-3 and T84 cells reached the maximum (~100%) only after 4 hours. Analysis of CFTR maturation efficiency in Cos-7 and HeLa cells suggested that there was no significant increase in Band C levels between the two and four hour chase periods, whereas in Calu-3 cells and T84 cells CFTR maturation was only completed by the end of the 4th hour. This slower CFTR processing noted in endogenously expressing cells was even more pronounced in Calu-3 cells grown as polarized monolayers. As a comparison with other cell lines, we found that CFTR mRNA and protein levels were 4 and 10-fold higher in Calu-3 cells than in T84 and HT29 cells. While we were not able to follow the maturation of the protein in HT29 cells, analysis in T84 revealed that CFTR maturation was very efficient and only complete by the end of a four-hour chase.
A more rapid disappearance of Band B CFTR in T84 and HT29 than in HEK cells was also described, and attributed only to degradation (24) . However, those experiments were completed before the role of the proteasome in early CFTR degradation was described, or before protein over-expression was shown to overload the proteasome. Subsequently, it has been demonstrated that either the inhibition of the proteasome (25, 48) or protein overproduction (53) could result in delayed degradation. Therefore, it is now clear that disappearance of B band could be due to both degradation and maturation. In our studies, proteasome blockade revealed that in Calu-3 cells disappearance of band B was not due to proteasomal degradation, whereas in HeLa cells it partially was.
The increased half-life of the mature CFTR in Calu-3 cells suggests that epithelial factors stabilize CFTR. This finding is supported by studies showing that CFTR half-life in heterologous systems is 8-12 hours (38,52), whereas in LLC-PK 1 (54) and in MDCK cells (55) , two kidney epithelial cells stably expressing the wild type CFTR, the half-life is significantly longer when the cells are grown under polarized conditions. Increased stability of the mature wild type CFTR in epithelial cells is also consistent with our previous findings that growing MDCK cells as polarized monolayers results in increased steady-state CFTR levels and function. Furthermore, possible cell type specific differences in wild type CFTR biogenesis and stability are suggested by our findings that cellular polarization in Calu-3 cells did not have a significant effect on total and cell surface CFTR levels in contrast to our previous findings in MDCK cells (56) . These results suggest that both the cellular context and molecular rationing of transport components are important not only for proper function, but also for intracellular trafficking (27, 64) . Nevertheless, normal epithelial cell function depends on the accurate delivery of a large number of membrane-components to a particular cell surface domain, and defects in this process often lead to disease (3, 4) . Therefore, it is crucial to understand how different cell types organize the biogenesis and intracellular processing of key molecules (27, 28) . Since CFTR plays a central role in the regulation of epithelial ion transport in multiple organ systems, understanding its biogenesis, cellular distribution, and stability in epithelia may be the first step toward identifying the molecular defects leading to early degradation of otherwise functional mutants, such as
The importance of elucidating the biogenesis and intracellular journey of wild type CFTR is also underscored by two publications indicating that some ∆F508 CFTR can be found at the cell surface in native epithelia (65, 66) . These earlier reports raise the possibility that in the correct physiological milieu, even the mutant protein might traffic differently than reported in heterologous expression systems. Furthermore, a number of CFTR-associating proteins have been identified and shown to regulate either the function (32) or the intracellular journey of CFTR (33) . Whether these or other yet to be identified proteins have any effect on the biogenesis and stability of the wild type protein in native epithelia remains to be determined. Although endogenous, wild type CFTR synthesis is quite low in many native tissues, our results suggest the usefulness of cell lines endogenously expressing CFTR as powerful tools for investigating cell type-specific differences in CFTR biogenesis and function. After the pulse, the 35 S methionine/cysteine containing medium was replaced with complete medium. Cells were lysed at the time points specified and CFTR was immunoprecipitated with
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